ABSTRACT An aero flywheel motor (AFM) is an integration of a starter, generator, and inertial flywheel on the traditional aero piston-engine (APE). When performing as a starter, the AFM is responsible for dragging the APE to a high speed (600-800 rpm) in a short time (0.2-0.4 s). In order to obtain better performance, two modifications are applied to the direct torque control (DTC) method. First, the switching table is modified by using only the positive voltage vectors. Second, a new low-pass filter (LPF) flux estimator is proposed to eliminate the initial flux error using the pulse width modulated (PWM) flux orientation method and the resistance estimation error by using real-time varying (RTV) equivalent resistance. Three DTC-based starting strategies are developed for the AFM, namely, the constant acceleration strategy (CAS), the constant torque strategy (CTS), and the modified constant current strategy (MCCS). The modified and traditional DTC methods are compared to the three starting strategies. The results show that the proposed switching table significantly reduces the switching frequency, and the proposed LPF flux estimator improves the convergence of the DTC method; in addition, the robustness against the resistance error is improved. The performances of the three starting strategies based on the modified DTC method are also compared. The results show that the MCCS significantly reduces the peak value of the battery current, thus reducing the capacity, weight, and size of the battery.
I. INTRODUCTION
Due to the advantages of long endurance mileage, good fuel economy, and high output torque, the aero piston-engine (APE) has promising application prospects in the field of general aviation. However, the drawbacks of the traditional APE are that the power to weight ratio is low and the cold starting is difficult [1] . The aero flywheel motor (AFM) is an integration of a starter, generator, and inertial flywheel on the traditional APE [2] , [3] . Hence, the power to weight ratio is higher and a compact design is feasible. When performing as a starter, the AFM is responsible for dragging the APE to a high speed (600-800rpm) in a short time (0.2-0.4s) [4] . Thus, the cold starting ability is improved. The starting performance of the AFM has several characteristics: for example, the starting time is very short, the rotation direction is fixed, and the starting current is very large.
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Based on these characteristics, improvements can be made on the traditional motor control method or starting strategy to achieve the high starting performance of the AFM. Nowadays, the main motor control methods are variable voltage variable frequency (VVVF), field oriented control (FOC), and direct torque control (DTC) [5] . The DTC method has the advantages of quick dynamic response, low switching frequency, simple control structure, and strong robustness and also does not require rotor position information [6] - [8] . Therefore, the DTC method was chosen for the control of the AFM.
The starting time of the AFM is very short, which requires that the DTC method has good convergence, namely, the flux estimator of DTC method should converge quickly and precisely. The convergence of the flux estimator is mainly influenced by the initial flux error, the DC offset, and the resistance estimation error [9] - [11] . The traditional method is using a low-pass filter (LPF), which is equivalent to a pure integrator followed by a high-pass filter (HPF), instead of the pure integrator to estimate the flux [9] . The problem of the DC offset can be eliminated by the LPF flux estimator. However, the initial flux error still exists. In addition, because the stator resistance of the AFM is very small, the resistance estimation error cannot be ignored. When the initial flux error or the resistance estimation error is not too large, the flux estimator oscillates for several cycles and then converges slowly. However, the flux estimator does not even converge when the initial flux error or the resistance estimation error is very large. Considering that the starting time is very short, the goal is that the flux estimator is initially convergent. In this paper, a modified flux estimator is proposed to eliminate the initial flux error using the pulse width modulated (PWM) flux orientation method and the resistance estimation error by using the real-time varying (RTV) equivalent resistance. As a result, the convergence of the DTC method is improved and the fluctuations of the dq-axis currents are minimized.
The rotation direction of the AFM is fixed because of the fixed rotation direction of the APE, which means that there is no need for a reverse rotation. The traditional switching table can be regarded as having four quadrants because the motor can rotate in both directions with a traditional switching table. We know that different voltage vectors have different effects on the torque change rate. Generally, the amplitude of the negative torque change rate is much larger than that of the positive torque change rate, which means that the torque increases slowly but decreases quickly. This property is an advantage if the motor needs to rotate clockwise and counterclockwise. However, the rotation direction of the AFM is fixed. With a traditional switching table, the torque drops quickly if the negative voltage vectors are chosen. Therefore, we need to change the switching signal frequently to increase the torque in the next several control periods. Thus, the switching frequency and the switching loss are high. In addition, additional time is required to compensate for the torque drop due to the negative voltage vectors, which means that the starting time of the AFM will increase. In this paper, a modified switching table that uses only half of the voltage vectors in the traditional switching table is employed to reduce the switching frequency and starting time. The modified switching table was originally proposed in [12] to reduce torque and flux ripples; however, in this study, we investigate properties of the modified switching table that have not been studied before.
The starting current of the AFM is very large and includes the q-axis current under the maximum torque per ampere (MTPA) control and the battery current. The q-axis current is mainly related to the electromagnetic torque. However, the electromagnetic torque of the AFM must be large enough to start the APE successfully. The battery current is mainly related to the electromagnetic torque and the velocity of the AFM. At the initial time, the battery current is nearly zero because that the velocity of the AFM is zero, namely, the output power is nearly zero if the loss is not considered. The battery current increases as the velocity of the AFM increases. Generally, at the end of the starting process, the battery current may be very large. Therefore, appropriate starting strategies are required for the AFM to reduce both the q-axis current and the battery current. In this paper, three starting strategies are proposed, namely, the constant acceleration strategy (CAS), the constant torque strategy (CTS), and the modified constant current strategy (MCCS). A comparison of these strategies indicates that the MCCS is the best choice for starting the AFM. As a result, the capacity, weight, and size of the battery and the inverter can be reduced.
This paper is organized as follows. The basic models are described in section II, including the AFM and APE models. The modified DTC method, which consists of the modified switching table and the modified flux estimator, is described in section III. In section IV, we describe the three starting strategies. The modified DTC method is compared with the traditional DTC method to demonstrate its superiority. In addition, the performances of the three starting strategies based on the modified DTC method are compared. Finally, the conclusions are presented in section V.
II. BASIC MODELS A. MODEL OF AFM
The AFM is a surface-mounted permanent magnet synchronous motor (SPMSM). In this study, complex vectors are used to analyze the model of the AFM in a αβ coordinate system. The parameters of the AFM are listed in Table 1 . Assuming that the inductance is L s , the model of the AFM can be described as: The parameters of the APE are shown in Table 2 . When the AFM performs as the starter, the drag torque produced by the APE is the load torque T m in Equation (5) . The drag torque is mainly composed of the friction torque, air pressure torque, and inertia torque. The friction torque can be measured using engine back-drag experiments. In addition, the air pressure torque and the inertia torque of each cylinder can be obtained by analyzing the mechanical model of the APE. The inertia torque is related to the velocity of the APE. Considering that the velocity is very low during the starting procedure, the inertia torque can be neglected. Therefore, the model of the APE can be described as:
where V 0 : Volume of the cylinder when the piston reaches the bottom dead center P 0 : Pressure of the cylinder when the piston reaches the bottom dead center V : Real-time volume of the cylinder S :
Section area of the piston
Length of the crank
Length of the rod P a :
Real-time air pressure of the cylinder T air : Air pressure torque of each cylinder k :
Adiabatic index of the gas ε :
Compression ratio λ :
Length ratio of the rod to the crank α :
Angle of the crankshaft y :
Distance between the piston pin and the crankshaft center
Considering that the APE has four cylinders, the total drag torque can be expressed as: (11) where
Number of the cylinders FIGURE 1. Drag torque of the APE at the velocity of 800 rpm. Figure 1 graphically illustrates the drag torque of the APE at the velocity of 800 rpm. It is evident that the drag torque fluctuates considerably. The drag torque of the APE is the load torque of the AFM during the starting process.
III. MODIFIED DTC METHOD
The DTC method was originally proposed by Takahashi and Noguchi [6] and Depenbrock [7] . Later, Zhong et al. applied the DTC method to a permanent magnet synchronous motor [8] . After more than 30 years of development, the DTC method has evolved into many branches, including the SVM-DTC method based on space vector modulation [13] - [16] , the D-DTC method based on duty cycle modulation [17] - [21] , and the P-DTC method based on model predictive control [22] - [25] . Because the different DTC methods are not the focus of this paper, we choose the traditional DTC method as the control method. The diagram of the traditional DTC method is shown in Figure 2 . In order to improve the current utilization ratio, the command flux is calculated using the MTPA method as shown in Equation (12) .
The speed N is used in the subsequent tests and the DTC method does not require speed sensors essentially. Thus we can estimate the speed based on the stator flux and the back electromotive force (BEMF) and then smooth the data with an LPF. The principle of the speed estimator is shown in Equation (13) .
A. MODIFIED SWITCHING TABLE
The two-level voltage source inverter (VSI) can output two zero voltage vectors and six non-zero voltage vectors, as is shown in Figure 3 . In the traditional DTC method, the switching Table 3 and the stator flux in Sector ćñ is used as an example. h T and h F represent the output of the torque hysteresis loop and the flux hysteresis loop respectively. h T = 1 indicates that the torque needs to be increased, h T = 0 indicates that the torque needs to be reduced, h F = 1 indicates that the flux needs to be increased, and h F = 0 indicates that the flux needs to be reduced. Different voltage vectors have different effects on the torque change rate. From Equations (1)- (4), we can obtain the following equations: Substituting Equations (14)- (16) into Equation (17), yields:
where ω e : Electrical velocity of the AFM Under different voltage vectors, the relationship between the torque change rate and the electrical angle, as is shown in Figure 4 , can be obtained by Equation (18) . The torque change rate is related to the velocity, load torque, electrical angle of the stator flux, and rotation direction. Therefore, we set the velocity to 800 rpm, the load torque to 120Nm, and the rotation direction to anti-clockwise.
When the stator flux is in Sector I, for example, we can define that U 2 and U 3 are positive voltage vectors, whereas U 5 and U 6 are negative voltage vectors. Figure 4 shows that we can determine that the absolute value of the torque change rate is far larger for the negative voltage vectors than the positive voltage vectors. This feature means that the torque increases slowly but decreases quickly. Based on the traditional switching table, the torque will drop quickly once the negative voltage vectors are chosen. Therefore, the switching signals should be changed quickly to compensate for the torque drop in the next few control periods. As a result, several control periods are wasted and the starting time will be lengthened. In addition, the switching frequency will increase.
However, we can find that not only the negative voltage vectors but also the zero voltage vectors decrease the torque. If the negative voltage vectors are needed, we can use the zero voltage vectors instead. We know that the zero voltage vectors can only decrease the rotating speed, but cannot drive the motor to rotate in the reverse direction. Therefore, if the motor needs to rotate in both directions, the negative voltage vectors are indispensable. Fortunately, the rotation direction of the AFM is fixed. For example, if the rotation direction is anti-clockwise, the negative voltage vectors can be omitted, and we can use only the positive voltage vectors and the zero voltage vectors to control the AFM perfectly. As a result, the starting time is shortened, and the switching frequency is reduced. The modified switching table is shown in Table 4 .
B. MODIFIED FLUX ESTIMATOR
The flux estimator is the core of the DTC method. The most common method is to use a pure integrator to estimate the stator flux, as shown in Equation (19) . The convergence of the flux estimator is mainly influenced by the initial flux error, the DC offset, and the resistance estimation error. The traditional solution is to use a LFP instead of the pure integrator, which is equivalent to a pure integrator followed by an HPF. References [13] compensated for the phase and amplitude of the LPF flux estimator and used an adaptive cut-off frequency so that the LPF flux estimator converged well at low speed, as is shown in Figure 5 . The adaptive cut-off frequency can be expressed as:
The compensator can be expressed as:
where k : The proportional coefficient sgn(x) : The sign function.
1) PROBLEM OF THE INITIAL FLUX ERROR
For the LPF flux estimator, the saturation problem caused by the DC offset is easily solved due to the HPF following the pure integrator. If the initial value of the flux is not accurate, the electromagnetic torque and current would fluctuate for a period of time, and then the influence of the initial flux error gradually weakens over time. In some cases, the flux estimator does not converge if the initial flux error is very large. However, the starting time of the AFM is very short and there is little time available for the convergence process. Therefore, it is expected that the LPF flux estimator is convergent initially. Considering the problem of the initial flux value, the LPF flux estimator can be modified by using the PWM flux orientation method, which can be easily implemented as follows. The inverter is driven by switching signals '110', namely, the voltage vector U 1 is used. During the process, the PWM duty ratio is about 5%-10%. In this manner, the permanent magnet flux linkage can be located in the position coinciding with the α-axis in the αβ coordinate system and the initial value of the flux can be described as shown in Equation (22) .
The LPF flux estimator can be modified as shown in Figure 6 when the initial flux value is considered. 
2) PROBLEM OF RESISTANCE ESTIMATION ERROR
The convergence of the flux estimator is also influenced by the resistance estimation error. Because the stator resistance of the AFM is very small, the resistance estimation error cannot be ignored. In addition, the voltage drop caused by the nonlinearity of the inverter can be compensated for by determining the stator resistance dynamically in the flux estimator. Therefore, we decided to replace the constant stator resistance in the traditional flux estimator by an RTV equivalent resistance. As a result, the problems of the stator resistance error and the inverter nonlinearity are solved.
As mentioned in section II, the AFM is an SPMSM, therefore, the d-axis inductance is equal to the q-axis inductance. The MTPA method is also used to make full use of the current. Therefore, we can obtain the schematic of the space vectors as shown in Figure 7 , where E bemf : The actual BEMF E bemf : The estimated BEMF R : The estimated RTV equivalent resistancê ψ s : The estimated stator flux ψ r : The estimated permanent-magnetic flux δ : The torque angle
In Figure 7 , point A is the end of the voltage vector u s . Point B is the end of the actual BEMF E bemf = u s − Ri s . Point C is the end of the estimated BEMFÊ bemf = u s −Ri s . Point D is the end of the estimated stator fluxψ s . Point E is the end of the accurate stator flux ψ s . Point F is the end of the rotor permanent-magnetic fluxψ r . We can obtain the relationship between the stator flux and the BEMF as:
From Equations (23)- (24), we can obtain:
Similarly, we can obtain Equation (27) as:
From Equation (25), we can find that E bemf is orthogonal to ψ s . Similarly,Ê bemf is orthogonal toψ s . Thus the angle BOC is equal to DOE. Combined with Equations (27)-(28) and using trigonometry, we can conclude that the triangle BOC is similar to DOE. As a result, we obtain:
For the MTPA method, the d-axis current is zero. Therefore, it is evident that the line l AC and line l EF are all parallel to the q-axis. As a result, we can prove that:
From the Equation (29), we can find that the line l formed by points D and E is parallel to the d-axis. We also find that regardless of the value of the estimated RTV equivalent resistanceR is, the end of the estimated stator fluxψ s is always located on the line l. Then the modulus of the estimated rotor permanent-magnetic flux ψ r can be expressed as:
Assuming that at that moment, the estimated RTV equivalent resistanceR is larger than the actual valueR, as is shown in Figure 7 . Then we can prove that ψ r is smaller than ψ r .
Similarly, ifR is smaller than R, we can also prove that ψ r is larger than ψ r . Based on this principle, a feedback system can be created to achieve a real-time estimation of the equivalent resistance. In this study, we use the proportional-integral (PI) feedback method to estimate the equivalent resistance dynamically, as is shown in Figure 8 .
In Figure 8 , R 0 is the initial value of the PI feedback controller.
IV. COMPARATIVE STUDY OF THREE STARTING STRATEGIES
The starting current of the AFM is very large and it includes the q-axis current for the Maximum Torque per Ampere (MTPA) control and the battery current. Therefore, some appropriate starting strategies are required to reduce the current. In this section, three DTC-based starting strategies are compared, i.e., the CAS, CTS, and MCCS. For the sake of simplicity, we set the command speed to 800 rpm and the starting time to about 0.4 s.
The principle of the CAS is that the acceleration is constant and the speed increases smoothly during the starting process. Thus the command torque should be changed dynamically based on the difference between the command speed and the actual speed to maintain constant acceleration. As a result, the command torque, as well as the current peak value, can be very large at some point, for example, when the piston reaches the top dead center of the engine. Assuming that N * is the command speed, and that T is the starting time spent during the starting process, then the acceleration is defined as in Equation (31) in the command torque controller as is shown in Figure 2 .
The principle of the CTS is that the command torque and the q-axis current are constant. However, the load torque is fluctuating as is shown in Fig.1 . As a result, the acceleration can be very large at some points and very small or even negative at some other points, which means that the speed also fluctuates. The battery current increases with the increasing of speed so that the maximum value of the battery current is obtained when the actual speed is nearly 800 rpm. In order to start in about 0.4 s using a traditional switching table, we set the command torque to 94.5N · m in the command torque controller.
The principle of the pure CCS is that the battery current is approximately constant. In this case, the torque may be surprisingly large when the motor speed is nearly zero for the pure CCS. Therefore, the pure CCS should be modified, for example, an anti-windup mechanism can be used when the speed is very low. In order to start in about 0.4 s using a traditional switching table, here we set the critical speed to 480 rpm. Below the critical speed, we set the upper limit of the command torque to 101N · m. Once the motor speed exceeds the critical speed, the command torque T * e is calculated as:
where M is a constant and N is calculated using Equation (16). Here we set M = 5074 by trial and error.
Thus, we can ensure that the battery current is approximately constant when the motor speed is above the critical speed. Actually, the MCCS is a combination of the CTS and CCS. In this section, we establish the Matlab/Simulink model, and the circuit discrete frequency is always 10 µs in the following simulation. Based on the three strategies, the average switching frequency and starting time for the traditional switch table and the modified switch table are compared and the current waveforms in the dq-axis for the traditional flux estimator and the modified flux estimator are also compared. Thus the superiority of the modified DTC method proposed in Section III is demonstrated. In addition, based on the modified DTC method, the total energy spent, the average power, and the battery current are also compared for the three strategies.
The total energy W and the average power P are calculated as:
where
The real-time battery current
A. PERFORMANCE OF THE MODIFIED SWITCHING TABLE
Unlike the traditional switching table, the modified switching table only uses the positive and zero voltages as shown in Table 4 . The modified switch table is superior in terms of the average switching frequency and the starting time.
1) SWITCHING FREQUENCY
The average switching frequency, which is used to indicate the switching loss, is calculated by counting the switching signals of one phase during the starting process. The switching frequencies for the traditional switch table and the modified switch table for the three starting strategies are compared. For each starting strategy, only the switch table is changed and all the other configurations are the same. Table 5 shows that the switching frequency is significantly lower for the modified switch table. 
2) STARTING TIME
The starting time is also an important indicator. Generally, the total consumed energy is lower if the starting time is shorter for the same command torque. The starting times for the traditional switch table and the modified switch table are  shown in Table 6 . For each starting strategy, only the switch table is changed and all the other configurations are the same. Because the acceleration is fixed in the CAS, the starting time is unchanged. The speed curves for each starting strategy for the traditional switching table and modified switching table are shown in Figure 9 . In Figure 9 , the parameter T stands for the starting time, namely, the time required to reach 800 rpm for the first time. We observed that the starting time is slightly shortened by the modified switching table.
B. PERFORMANCE OF THE MODIFIED FLUX ESTIMATOR
In the modified flux estimator, the initial flux value and the RTV equivalent resistance are considered. The convergence of the DTC method can be simply determined by the convergence of the dq-axis currents. For the sake of simplicity, we compare the dq-axis currents of the three starting strategies only for the modified switch table.
1) INFLUENCE OF THE INITIAL FLUX ERROR
The initial flux error can worsen the convergence of the DTC method, and this problem can be eliminated by the PWM flux orientation method as proposed in section III. We assume that the expected initial flux is coinciding with the α-axis. Then the actual initial flux without flux orientation is shown as Equation (35).
(35) Subsequently, we can obtain the dq-axis current curves with and without flux orientation as shown in Figure 10 . The influence of the resistance estimation error is not considered for simplicity. This means that the inverter is ideal, namely, the on-resistance and forward voltages are all nearly zero. Figure 10 indicates that the dq-axis currents fluctuate considerably if the initial flux error exists. We also observe that the dq currents converge to the expected values after a period of time. However, the starting time of the AFM is very short and there is little time available for the convergence process. When the initial flux error is eliminated by the PWM flux orientation method, the convergence is obviously improved because the dq currents are converging initially.
2) INFLUENCE OF THE RESISTANCE ESTIMATION ERROR
The resistance estimation error is also an important factor that can worsen the convergence of the DTC method. This error is mainly caused by the stator resistance error and inverter nonlinearity. The starting time of the AFM is very short, thus the stator resistance error caused by the temperature can be neglected. Therefore, we only consider the resistance estimation error caused by the VSI inverter. For the sake of simplicity, the initial flux error has already been eliminated by the PWM flux orientation method in this section.
We assume that the on-resistance R on of the IGBT is 1m , and the forward voltages are all 0.3 V in the Simulink model. The dq currents do not converge easily based on the traditional flux estimator. The traditional flux estimator uses a constant resistance, thus it is insufficient to handle the problem of inverter nonlinearity. In this study, we proposed a method to replace the constant resistance with the RTV equivalent resistance, as is described in Section III. As a result, the convergence of the DTC method is significantly improved, namely, the dq currents converge to the expected values quickly and precisely. The dq currents are convergent for the traditional flux estimator based on the CAS, therefore, we compared the dq currents for the traditional and modified flux estimators, as is shown in Figure 11 . Due to the specific characteristics of the AFM, the dq currents do not converge for the traditional flux estimator based on the CTS and MCCS. Therefore, we only show the dq currents for the modified flux estimator, as is shown in Figure 12 .
Generally, the constant resistance in the traditional flux estimator is the stator resistance of the AFM. However, because the stator resistance of AFM is very small, the inverter on-resistance and forward voltages appear to be very large. In order to obtain convergence, we set the resistance of the traditional flux estimator to 3 m by trial and error, which resulted in the convergence of the dq currents after a period of fluctuation. Therefore, we also set the initial resistance R 0 of the modified flux estimator to 3 m . The PI parameters in Figure 7 are all 0.4. Figure 11 shows that the convergence is improved significantly by the modified flux estimator. During the studies, convergence did not occur for the DTC method based on the CTS and MCCS for the traditional flux estimator, no matter what the value of the constant resistance was. Figure 12 shows the equivalent resistance and the dq currents for the modified flux estimator. We find that the dq currents are nearly the same as that in Figure 10 where the influence of the resistance estimation error is not considered. Therefore, we can conclude that the modified flux estimator with the RTV equivalent resistance eliminates the resistance estimation error.
C. PERFORMANCE OF THE THREE STARTING STRATEGIES
We have already demonstrated the superiority of the modified DTC method above, i.e., the superiority of the modified switching table and the modified flux estimator. In this section, based on the modified DTC method, we compare the battery current, total consumed energy, and average power of the three strategies. The battery currents are shown in Figure 13 and the consumed energy and average power are shown in Table 7 . We still assume that the on-resistance of the IGBT is 1 m and the forward voltages are 0.3 V. The modified switching table and the modified flux estimator with the PWM flux orientation and RTV equivalent resistance are used in the following studies. Figure 13 shows that the peak value of battery current is largest for the CAS and smallest for the MCCS. Table 7 indicates that the total energy and average power are also smallest for the MCCS. We conclude that the MCCS has the best starting performance of the three starting strategies. As a result, the capacity, weight, and size of the battery and the inverter can be reduced.
V. CONCLUSION
In this study, the basic models of the AFM and APE are analyzed. The switch table and flux estimator of the traditional DTC method are modified and three starting strategies are evaluated. In addition, the modified and the traditional DTC methods are compared. Subsequently, using the modified DTC method, the performances of the three DTC-based starting strategies are compared. The following conclusions are drawn:
1) The modified switching table significantly reduces the switching frequency and the starting time is slightly shortened.
2) The modified flux estimator with the PWM flux orientation eliminates the influence of the initial flux error and improves the initial convergence of the DTC method.
3) The modified flux estimator with the RTV equivalent resistance eliminates the influence of the inverter. As a result, the robustness of the DTC method against the resistance estimation error is improved significantly. 4) Using the modified DTC method, the total consumed energy, average power, and peak value of the battery current are smallest for the MCCS, indicating that the MCCS is the best starting strategy for the AFM and reduces the capacity and size of the battery. JIANGUO BU received the Ph.D. degree from Tsinghua University, in 2019. His current interests include the design and the control of motors, the control of the aviation CI engine, and multi-electric aeroengine.
